Spin

Harnessin g Radiation
Torques to Drive the
Precession of a
Spin-Stabilized Spacecratft

Marc A. Murison

Astronomical Applications Department
U.S. Naval Observatory
Washington, DC
murison@aa.usno.navy.mil

April 3, 1998

Dynamics_DDA98.PRZ 1 DDA meeting, Spring '98



Introduction

eU.S. Naval Observatory wants to launch FAME
» Fast Astrometric Mapping Explorer

= Hipparcos-style survey instrument

= ~100,000 km orbit
= < 50 pas at 9th magnitude

e Scanning spacecraft
= Spin-axis stabilized
= Use precession to cover sky
= Need thruster firings to drive precession

= This can play havoc with data reduction

e Need to "tie" together data
» across thruster discontinuities

» from one spin period to the next
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Scan Pattern on Sky

WA

Fig. 8.5. Hipparcos nominal scanning law in ecliptic coordinates - Left: motion of
the satellite axis in one year - Right: part of the sky scanned in 70 consecutive days
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Hipparcos Attitude Corrections
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Introduction (continued)

e CfA group: covariance studies

= gain a factor of ~5 in astrometric accuracy in going
from 6 per rotation to once per rotation

= gain an order of magnitude in extreme case of no
thruster events

e Can we do away with (most) thruster firings?

e Maybe!
= high orbit (~100,000 km)
= solar shield (needed for thermal control)

= yse radiation pressure to drive precession and
control precession rate
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Hipparcos

HIPPARCOS
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This Study

e Task: characterize precession of spin axis as
driven by radiation pressure.

= cylindrical spacecraft
= shield: frustum of a cone, albedo Ac
= "flat top", albedo Ay

e Curiosity: interesting dynamics?

[1 derive full equations of motion
[1 numerical program
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1. Equations of Motion

Euler equations
of motion for a

rigid body
Euler angle
l< velocities in the
body xyz frame
rigid body
equations of
motion

symmetric top
equations of

motion
l algebra
1st order
system of — Figersiléfse
ODEs q
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Euler Angles

7 Figure 1
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2. Torque Calculations (Cone & Top)

surface force
components

l coordinate transform

force components
integral in conical
frame

V()

torque integral in
conical frame

l coordinate transform

torque integral in
body xyz frame

il

force due to o — % force due to
pressure field on » pressure field on
cone surface flat top
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Conical Coordinate Frame

z Figure 2
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Force Components on Surface Element

dS
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3. Precession Calculation

1st order eqs
of motion for

Qo, Q, Q
d
dt

2nd order
system

substitute l

.

Qg >> Q(p,leandP <<1

2nd order
system
0°Qy 0
l otz =
A 4
SHM for Q,, Q, ~cong

| Lo

fo, ~(1-p)Qp || f(ab,h Ac,Ar,a) =0
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Equations of Motion

e Start with the Euler equations for a rigid body:

Ixd0x+(1z-1y) QyQz-Kx=0  ©

de"‘(lX z)QXgZ_Ky:O

'ydt
|ZdtQ2+(| X) Qny—Kz:O

I

e\\/rite the components of Q along the rotation
axes as projections onto the body xyz frame:

dp dy

Oy gt sind siny + gt cost

Qp+Q,+Qp=| Qy |= (Kcmﬁsmw-—?%smﬁ
2 dy . do
dt SO Tt

e Substitute into the Euler equations to get

&y d%

i i | x=ly+l d
di2 COSH"'WSIHH siny + x~lyTz dp 99

-y 2 .
N dt) cosy +—1 — gt qt | Shw cost
d

|x+|y—|z% _|x—|y+| %)_l// . _&_
+( I o COSw I dt dtsm@ I =0

d?y d?p

T sinf + e cosd siny + TE% } siny sind

|x+|y_|z% |x_|y_|zd_ Qy Ny _
+( Iy dt COSY T, dtjdtcosﬁ— Iy 0
o, 4% CcOS IX_IV(%jzcosH sinf sin?
a2 T ae O T T Uat v ,
Ix-ly . o [ x—I y+|zj dy dp |x—|y(%) . Kz _
+(2—IZ sin“0 —— at ot S +—; o ) cosdsind - I =0
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Euler Angles

7 Figure 1
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Symmetric Top

e¢\\e have a "symmetric top", so let |.=I,=I,, and

Ixy—1z
p= I
y
We find
&y d®y do dy dp )2 -
A cost + —= e 7 sind S|n://+[(1 B) Gt~ (ﬁ) cosw]smw cost
(11— g Kx
+[(1+ﬁ)acosw (1 /)’)dt] g Sin oy -
d2 2

d2¢ dp) 2 : :
T Y SN+ —— e > cosO siny - [(1 ﬂ)gfgf ﬁ(gf] cosz//]smz// sinf

[(1+ﬁ) <t cosw — (1-f) g ] I cose—% =0

&% , %y dpdy . _ z__ _
et ge COsw — gt gt Sinw (1—ﬁ)|xy_o

e The third equation is conservation of angular
momentum along the symmetry axis:

d(do , do J Kz
dt(dt dt “VY) T gy
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Symmetric Top (cont.)

e Convert to a system of first-order ODEs:

% =
% = Ly
@ = |
sinw%Q(p = [ _/;)QH_(1+ﬁ)COSWQ(p]QW+szmﬁl:r(yKycosH
%QW = :ﬁ COSWQ%_(l—ﬁ)QHQ(p]Sinw+ KXCOSHI X_yKySin(9
sinw%QH = :(1+ﬂCOSZW)Q¢—(1—ﬁ)COSWQH]QW

, _Kzsiny _ Kxsind +Kycosd
(1-5)Ixy Ixy

cCoSsy
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Conical Coordinate Frame

z Figure 2
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Force Components on Surface Element

dS

[
|_5 AN Figure 3
dF
5 i
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Force Due to Radiation Pressure

e '"'Conical" coordinates:

X = p Sing cosy
y = pSina Sinyg
Z = h+ — p COSq,

tang

e Infinitesimal force components perpendicular to
and tangent to the cone surface:

dF, (1+A)cosy
dFH (l—A) Siny

]:P-dZ-ICOSyI-

e A short calculation reveals that

dF, ' (1-A)z,
dF, |[=P.dxz-cosy- (1-A)ny
| dFg | | (1-A)nq—2Acosy |
where

cosy =—(P-N) = -cosy

P, P

) I P
P =P o =P

p
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Torgue Due to Radiation Pressure

_ - : e
oFrom | n, |= R(a,n)_l Rlp, w,0)| ny
TLa L T7 |

we have (third component)

cosy = —mg = —{cosalcos; (cosh cosp —sind cosy sing)
— siny (sind cosp + cost cosy sing)] + sina siny sing} 7x
—{cosa[cosy (cost sing + sinf cosy cosp)
— siny (sind sing — cosd cosy cosp)] - sina siny cosp)} my
—[{cosa(cos; sind siny + siny cosh siny) + sina cosy] 2

PX Py rz
P

|
X
IIf
|
S|
_<
IIf
|
S|
N
IIf

e\\e can integrate over the conical surface:

Fp (1—Ac)7'5p

2n o f4S _
Fy | =P jO ff COSy - (1-Ac) ny - psSina dp dy
Fa (1-Ac) ma —2Accosy
e The torque is then
Ky :jo jf rx (1-Ac) 7y . COSy - p Sina dp dy
Ka (1_AC) g _ZACCOSX
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Torgue Due to Radiation Pressure (cont)

e The radius vector Is, In conical coordinates,

F=R(a,n)

' p Sina coyy
p Sina siny

| h+ d —pCcosu

tana

-hcosa —a
= 0

e Perform the first integral to get

hsina + acosa

co .

sina

Kp o ~Bomy
Ky :P(b—a)jo Borp +B1Qnacosy —2B1Ac cosy |cosydy
Ka Bo(1-Ac) Py cosy
where
_ 11 _2(52 2
By = 25in2a[u(a+b)cosa 2(a2+ab+b?)]
1_1
Bo = E%QU(a+b)

Q=1-Ac

U= hsina+acosu
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Torgue Due to Radiation Pressure (cont)

e Transform back to the cartesian body frame:

KX _827'[;7
Ky |=P(b-a) j R(a,7)| Borp+B1Qnacosy—2B1Ac cOSy |coSy dy
K Bo(1-Ac) Py cosy

e Perform the integral to get, finally, the total
torgue acting on the conical surface:

[ 7x(cosy cosfsing +sindcosg)
l Kx + v (sing sing — cosy cosfcosp) — nzcosgsiny
Ky [=V| rx(cosfcoss —cosy singsing)
Kz + v (cosg sing +cosy sindcosp) +nzsindsiny
0
where

V = zP(b-a) (-rxsiny sing + ny siny cosg — 7z cosy)
.[B1(3+Ac) cosa sina —B2(2 sirfa - cos?a)]
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Torgue Due to Radiation Pressure (cont)

e The contribution to the "top" surface is just a
special case of the cone formulation. Hence, we
find

[ 7 (cosy cosfsing + sind cosg)
Kx + 7y (sind sing — cosy cosf cosp) — nz cosldsiny
Ky [=W| my (cosfcosp —cosy sindsing)
Kz + 7y (cosfsing + cosy sinfcosg) + 7 sindsiny
I 0]
where

W= nPa“h(1 - AT)(-nx siny sing + zy siny cosp — 7 cosy)
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The Equations of Motion

e Therefore, the equations of motion become

q
g9 _
dt_%”

S'm//dtQ(/’ =11-pQy-(Q1 +/3)cosz//Q(/,]QW + Kq(a,b,h,a,Ac,AT,0,v)
%QW = [Bcosy Q2 —(1- ) QyQy |siny + Ky(ab,h,a, Ac, AT, 0, )
sinw%QQ = :(1+/3c052w)£2¢ -(1-p5) cosy/Q@]Qv, + Kz(@ b,h,a,Ac,AT,0,v)

Ki(a b, ha,Ac, AT,0,w) = G(a b,h,a,Ac, AT) - 91(p. )
Ka(a,b, h,a,Ac, AT,0,w) = G(a b,h,a,Ac,AT) - g2(9, )
Kz(@ab h,a,Ac,AT,0,¥) = G(ab,h,a,Ac, At)- 939, ¥)

go(p,w) = —mxSing siny + rySiny COSp — 7 COSy

91(p.w) = Qolp, w) - (mx cosp + my sing) |
92(0,w) = golp, y) - (mx cosy sing — my coSy oSy — 7 Siny)
93(¢, ) = —91(p, w) cosy

G(a,b,h,a,Ac,AT) = Ge(a bh a,Ac) + Gr(a, h,AT)
Ge(a,b,h,a,Aq) = 7TF)(b a)[(l Ac +2Accofa)(hsina + acosa) &2 sm

2
1(3+A¢) cosa a®+ab+b

Sln
Gr(a h,A7) = ?73(1—AT)a2h
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Fast Spin Approximation — Precession

e Assume a fast-spinning craft. Then Qg >>Qg, Qy
Differentiate, substitute, and perform a series

expansion on Q,, Q,, and P to get

sin d—ZQ = H(1-p)?Q2Q,siny + (1 -5 QyKa(a,b,ha,Ac, A )
Wgr2 e 6820 SNy p)QpKa(a,b,ha,Ac, AT, ¢, v

2
920, = «1-p2020, -(1- f) QgKy@,b,h, a, A AT, 0, )
dt2 0

2
sinw%sze = [@-p2ajagsing - (1-p)QpKa(ab,ha,Ac, AT, ¢, y)] cosy

e From the first or third equations, we have

- K2(a, b, h, a ,AC,ATy 0, W)
v (1-5)Qgsiny

e For a flat disk of uniform albedo A, this reduces

to : ) b2
1-A)zb<h
Qo = Pcos
7T (-B) IxyQy v
which agrees with your average #10 business
envelope.

SpinDynamics_DDA98.PRZ 26 DDA meeting, Spring '98



Fast Spin Approximation — Nutation

e From the second equation we have simple
harmonic motion for Q;:

Ki(@bha Ac,AT,0,v)

Q, ~ Acos(1-8) Qyt) +Bsin(1-B) Q1) - A8y

e The third term is constant for zx,ny -0, 7z - 1.
This implies a small, monotonic drift in the
Inclination angle Y. However, it is actually the

first term in the expansion of a large-period
oscillation.
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Cone Angle for Precession Nulling

e Precession null:

G(a,b,h,a,Ac,A7) =0
e This Iis equivalent to

(b-a)l(1-Ac+2Accos?a)(hsina +acosa)(a+b)
- 1(3+Ac)(@® +ab+b2)cosu | +(1-At)a?hsina = 0
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SymTop

SymTop
Help
=H| g o 7| X
I/C | rad pressure | solar wind |
ICs geometry albedos
~heta I[#v] cone angle
0.1 200 a8.15849
M,
—top radius —cone length b
I E I
ENENNENENNNNENNNNRNRNNNNNRNNNRRRRNNRRRNNRRRRRNNRRRNRNNNT]
'symmetry axis moment of inertia (kg m™2)
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FAME 60-Day Precession

Runtime Plots
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Precession Period vs. (a,Ac)

e Shield angle will need to be adjustable in flight,
at least at beginning of mission.
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